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Abstract
Prolonged time awake increases the need to sleep. Sleep pressure increases sleepi-
ness, impairs human alertness and performance and increases the probability of
human errors and accidents. Human performance and alertness during waking hours
are influenced by homeostatic sleep drive and the circadian rhythm. Cognitive func-
tions, especially attentional ones, are vulnerable to circadian rhythm and increasing
sleep drive. A reliable, objective and practical metrics for estimating sleepiness could
therefore be valuable. Our aim is to study whether saccades measured with electro‐
oculography (EOG) outside the laboratory could be used to estimate the overall time
awake without sleep of a person. The number of executed saccades was measured in
11 participants during an 8‐min saccade task. The saccades were recorded outside the
laboratory (Naval Academy, Bergen) using EOG every sixth hour until 54 hr of time
awake. Measurements were carried out on two occasions separated by 10 weeks.
Five participants participated in both measurement weeks. The number of saccades
decreased during sustained wakefulness. The data correlated with the three‐process
model of alertness; performance differed between participants but was stable within
individual participants. A mathematically monotonous relation between performance
in the saccade task and time awake was seen after removing the circadian rhythm
component from measured eye movement data. The results imply that saccades mea-
sured with EOG can be used as a time‐awake metric outside the laboratory.
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1 | INTRODUCTION
Prolonged time awake increases the need to sleep (sleep pressure).
Increasing sleep pressure eventually induces rapid and uncontrolled
sleep initiation that leads to unstable cognitive performance (Fimm &
Blankenheim, 2016; Lim & Dinges, 2008), which is comparable to
alcohol intoxication (Dawson & Reid, 1997; Williamson & Feyer,
2000). Sleepiness causes 10%–20% of traffic accidents (e.g. Åkerst-
edt, 2000; Gonçalves et al., 2015) and hence is a major identifiable
and preventable cause of accidents (Åkerstedt, 2000). Even though
the severity of sleepiness‐related accidents and hazards has been
recognised, there is no reliable on‐site sleepiness tester comparable
to a breathalyser for blood alcohol concentration. Many objective
sleepiness monitoring and detecting systems have been developed
(e.g. Ahlstrom et al., 2013; Johns, Chapman, Crowley, & Tucker,
2008); however, they measure changes in alertness and cannot esti-
mate how long a person has been awake (time awake). A reliable,
objective and practical metrics for measuring sleepiness on‐site is
needed (Bioulac et al., 2017; Durmer & Dinges, 2005).
Human performance and alertness during the waking hours are
influenced by both homeostatic sleep drive (S‐process) and the circa-
dian rhythm (C‐process). The S‐process increases as wakefulness
continues, whereas the C‐process has a sinusoidal form driven by
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endogenous oscillation featuring a period of about 24 hr (e.g. Acher-
mann & Borbély, 2003; Åkerstedt & Folkard, 1997). Cognitive func-
tions, especially attentional ones, are susceptible to both the sleep
pressure and circadian rhythm (e.g. Goel, 2017; Van Dongen &
Dinges, 2005). Moreover, sleep deprivation affects individuals differ-
ently and cognitive deficits differ between individuals but are rather
stable within individuals (e.g. Van Dongen, Baynard, Maislin, &
Dinges, 2004).
The Psychomotor Vigilance Task (PVT) has often been used to
study the alerting subsystem of attention. PVT is a reaction‐time test
that is sensitive to sleep deprivation (e.g. Lim & Dinges, 2008). The
numbers of lapses, omissions and commissions, and reaction times in
PVT increase in acute and cumulative sleep deprivation (e.g. Basner,
Mcguire, Goel, Rao, & Dinges, 2015; Doran, Dongen, & Dinges,
2001; Lim & Dinges, 2008; Van Dongen & Dinges, 2003). This
unstable performance is potentially a result of attention lapses and
microsleeps caused by wake‐state instability (e.g. Doran et al., 2001;
Durmer & Dinges, 2005).
Oculomotor and attentional functions share neuroanatomical
networks in the brain (Casarotti, Lisi, Umiltà, & Zorzi, 2012; Cor-
betta & Shulman, 2002). Therefore, saccadic eye movement has
been used to study attentional functions (e.g. Corbetta & Shulman,
2002; Lee, Manousakis, Fielding, & Anderson, 2015). Additionally,
oculomotor parameters have been shown to be sensitive to sleep
deprivation in laboratory studies (e.g. Bocca & Denise, 2006; De
Gennaro, Ferrara, Curcio, & Bertini, 2001; De Gennaro, Ferrara,
Urbani, & Bertini, 2000; Fimm & Blankenheim, 2016; Porcu, Fer-
rara, Urbani, Bellatreccia, & Casagrande, 1998; Wachowicz et al.,
2015).
The saccade task is a neurobehavioural task, which permits
simultaneous assessment of attention and sleepiness. Performance
parameters (e.g. saccade latency) measure visuospatial attention and
oculomotor parameters (e.g. saccade peak velocity, accuracy) mea-
sure the decrement of arousal (compared with a baseline) (Bocca &
Denise, 2006).
Increasing homeostatic sleep drive has been reported to increase
the number of errors in responses (omissions and commissions) in a
saccade task, suggesting failures in sustaining attention (Wachowicz
et al., 2015). Porcu et al. (1998) found, in a stepwise saccade task, a
significant linear trend between prosaccade error rate (fraction of
rejected saccades) and time awake after one night of sleep depriva-
tion. Our earlier results showed a similar result: the number of cor-
rectly executed saccades decreased during acute sleep deprivation
both in overlap and gap paradigms (Hirvonen et al., 2010). However,
the two latter studies did not provide detailed information about the
rejected saccades.
Saccade latencies increase in prolonged time awake (e.g. De Gen-
naro et al., 2001; De Gennaro et al., 2000; Ferrara, Gennaro, & Ber-
tini, 2000; Fransson et al., 2008), especially in the overlap paradigm
(Ahlstrom et al., 2013; Fimm & Blankenheim, 2016). Bocca and
Denise (2006) found that the gap effect (difference between overlap
and gap latencies) increased after one night of sleep deprivation,
suggesting disengagement of attention was impaired.
Saccade peak velocity is a measure of alertness. Peak velocity of
visually guided prosaccades has been reported to decrease after pro-
longed time awake (e.g. Ahlstrom et al., 2013; De Gennaro et al.,
2000; Ferrara et al., 2000; Fimm & Blankenheim, 2016; Fransson
et al., 2008; Grace, Stanford, Gentgall, & Rolan, 2010; Zils, Sprenger,
Heide, Born, & Gais, 2005), and is affected by the underlying circa-
dian rhythm (e.g. De Gennaro et al., 2001; Hirvonen et al., 2010)
and by sleep inertia (Ferrara et al., 2000). Saccade accuracy is usually
described by the gain ratio between executed saccade amplitude
and target amplitude. If the saccade hits the target, the gain is 1,
whereas hypometric saccades undershoot (gain <1) and hypermetric
saccades overshoot (gain >1) the target. In the literature, saccade
accuracy results are not consistent. Saccades have been reported to
be unaffected by prolonged time awake (40 hr) (De Gennaro et al.,
2000). On the other hand, some studies have described that sac-
cades become hypometric after one night of sleep deprivation
(Bocca & Denise, 2006; Zils et al., 2005) and hypermetric during
nocturnal hours (Porcu et al., 1998).
Earlier studies carried out in the laboratory environment have
shown that performance and oculomotor parameters measured dur-
ing a saccade task are influenced by overall time awake of a subject.
However, precise saccade task analyses require event by event anal-
yses to classify each saccade response to a stimulus. Thus, triggering
between the eye movement recording device and stimulus software
is needed. The aim of our study was to examine whether overall
time awake can be estimated reliably outside the laboratory from
saccadic eye movements. Our proposed method does not require
triggering between the eye movement recording device and stimulus
software. To test the feasibility of this approach we used data col-
lected in Hirvonen et al.’s (2010) study. The saccades were recorded
outside the laboratory (Naval Academy, Bergen) during an 8‐min sac-
cade task using electro‐oculography (EOG) every sixth hour until
54 hr of time awake.
2 | MATERIALS AND METHODS
2.1 | Participants
Eleven male navigators from the Royal Norwegian Navy (RNoN) vol-
unteered for this study (mean = 26.6; SD, 2.2; range, 23–30 years).
The measurements were made on two occasions separated by
10 weeks. Eight participants participated in the first measurement
week. Three of these navigators were deployed to an international
mission during the 10‐week washout period and were unable to par-
ticipate in the second study week. Three additional RNoN navigators
were recruited for the second week to allow the study to be com-
pleted. Hence, only five participants participated in both measure-
ment weeks.
The participants were subject to extensive medical screening
before acceptance into the naval academy (including psychiatric
issues). Before the study the Hospital Anxiety and Depression Scale
(HADS) (Zigmond & Snaith, 1983) was used to determine levels of
experienced anxiety and depression. Sleep disorders and abnormal
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F IGURE 1 Study protocol. The study
protocol consists of 10 similar test cycles
(top chart). Each cycle started with
navigation in a simulator. After simulation
and questionnaires there was an 80‐min
period of vision tests, one of which was
the saccade task. The vision tests were
performed in cycles with alternating and
different kinds of vision tests (bottom
chart). Saccade task data measured with
electro‐oculography (EOG) are presented in
this study
F IGURE 2 Electrode placement, saccade task and stimulus sequence. Electro‐oculography (EOG) was measured with four AgAg‐Cl
electrodes placed at the outer canthi of both eyes (EOGR, EOGL), as well as above and below the left eye (EOGU, EOGD). The measurements
were performed using bipolar coupling and the electrodes were grounded to the left mastoid (M2), behind the left ear (not visible in the
figure). The saccade task consisted of alternating overlap (A) and gap (B) blocks. In the A block the central fixation point (a black doughnut)
was visible all the time. The task sequence started with the central fixation point. After 1000 ms the target stimulus (a black doughnut)
appeared on either the left or the right side of the screen (horizontal saccades). The target stimulus disappeared after 1000 ms and the next
trial started with a central fixation point. In the B block the fixation point disappeared 200 ms before the target stimulus appeared. The
horizontal saccades were presented in 20‐saccade blocks and there were 5‐s rest pauses between the blocks (stimulus sequence). One 20‐
saccade block lasted 40 s in the A block and 44 s in the B block. In each 8‐min measurement session, 200 saccade stimuli, 100 per condition
(A or B), were presented
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sleeping habits were screened using the Composite Morningness
Questionnaire (Smith, Reilly, & Midkiff, 1989) and Epworth Sleepi-
ness Scale (Johns, 1991). None of these indicated mental health
problems, sleep disorders or abnormal sleep habits, and the partici-
pants were on mediation. Two participants used corrective lenses
for myopia. During the study contact lens users wore glasses. The
participants reported normal sleep length (before working days:
mean, 6.9; SD, 0.7; range, 6–8 hr).
This study adhered to the Declaration of Helsinki and all partici-
pants gave written informed consent. A physician was on call on site
throughout the sleep deprivation periods. The study protocol was
approved by the Regional Committee for Medical Research Ethics,
Western Norway, and the Norwegian Social Science Data Services.
The participants were paid for their participation.
2.2 | Study design
Eye movement measures were conducted as part of a larger
research project in which the effect of sleep deprivation on perfor-
mance in two high‐speed navigation systems was studied (Gould
et al., 2009). The study was carried out in ship simulators at the
Naval Academy, Bergen. Measurements were made during two sepa-
rate study weeks, each comprising 60 hr of sleep deprivation. A 10‐
week washout period between the study weeks eliminated carryover
effects. Eye movements were measured in eight participants during
the first measurement week. Five participated in both measurement
weeks. Two weeks before start of measurements the participants
received a letter with detailed information about the study, together
with an Actigraph (ActiwatchTM, Cambridge Neurotechnology Inc.,
Cambridge, UK) and a sleep diary. They were instructed to go to bed
between 23:00 and 24:00 hours, and to wake up between 07:00
and 08:00 hours on the last 7 days before the study. They were also
requested to consume no alcoholic beverages 48 hr prior to study
start, as well as to drink no caffeinated beverages on the morning of
the first day of the study.
On the first study day, participants arrived at 08:00 hours and
the first navigation session started at 09:00 hours (Figure 1). A single
navigation session lasted 2.5 hr, including preparation and rest
breaks. After navigation, participants filled in questionnaires on PDAs
(portable digital assistants). Next there was an 80‐min period where
the participants underwent eight vision tests in a darkened test room
(<5 cd), including the saccade tasks measured with EOG, and the fit-
ness impairment tester (Gould et al., 2009; Hirvonen et al., 2010)
and contrast vision (Koefoed, Aßmus, Gould, Hövding, & Moen,
2015). The test cycle (preparation—simulator navigation session—
questionnaires—vision tests) was repeated 10 times. Each test cycle,
including breaks, lasted 6 hr. At the completion of each test cycle,
the participants were allowed 90 min to eat and rest, but not to
sleep, before the next test cycle started. Participants who showed
signs of falling asleep were prompted to stay awake by a research
assistant who was observing the subjects to ensure that they did
not nap. The same test cycle was followed throughout the study.
The eye movement data from the first nine test cycles are presented
in this article, because the saccade task measured with EOG was not
measured during the 10th test cycle as the participants were too
tired to carry out the saccade task.
The participants were allowed to use caffeine and tobacco to
emulate realistic operation conditions. The use was limited to the
number of units that each participant reported that he consumed
during an ordinary workday (this information was obtained at the
time of recruitment). Caffeine units were administered in the form of
4‐g instant coffee sachets. None of the participants smoked, but one
used smoke‐free tobacco during the measurements.
The saccade task was administered using the presentation soft-
ware (Neurobehavioural Systems, Albany, CA, USA, version 9.70).
The EOG signal was measured with an Embla A10 device (Medcare,
Reykjavik, Iceland) at 200 Hz sampling rate and 0.5–90 Hz band-
width. Horizontal and vertical EOG were measured with four AgAg‐Cl
electrodes (Technomed Europe, Maastricht, the Netherlands) placed
at the outer canthi of both eyes, as well as above and below the left
eye. The measurements were performed using bipolar coupling and
electrodes were grounded to the left mastoid (M2) (Figure 2).
The participants sat in a chair at 70 cm distance from the computer
screen. The distance was confirmed before every measurement. Par-
ticipants were instructed to sit still, avoid blinking and to look at the
location of the central fixation point (a black doughnut) until the target
stimulus (a black doughnut) appeared, after which they were supposed
to move their gaze as quickly as possible to the target stimulus. When
the stimulus disappeared, they were instructed to move their gaze
back to the central fixation point. The amplitude of horizontal saccades
was 10° (degrees of visual angle), whereas the size of the fixation point
and the target stimulus was 1°. The saccade task consisted of
F IGURE 3 Schematic figure of two components, C and S, of the
three‐process model (Åkerstedt & Folkard, 1997). The model
comprises three components C, S and W. Here, the C and S
processes are presented. The sinusoidal C‐process (grey dashed line)
represents sleepiness due to circadian influence (wake up at 07:00
hours). The exponential S‐process (grey solid line) represents time
lapsed since awakening (homeostasis). The estimated performance/
alertness (P) is the sum of the S and C processes (black line)
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alternating A (overlap stimulus) and B (gap stimulus) blocks (Fischer,
Gezeck, & Hartnegg, 1997). Both paradigms and the saccade task
sequence are depicted in Figure 2.
2.3 | Modelling the circadian rhythm
The three‐process model of alertness (Åkerstedt & Folkard, 1997)
was used to model the circadian and homeostatic components of
the saccade task performance. The model comprises three compo-
nents: a circadian process (C), a homeostatic process that starts at
awakening (S) and sleep inertia (W). We used only S and C,
because participants were not allowed to sleep during the study
(Figure 3).
The C‐process represents alertness due to the circadian influence
and has a sinusoidal‐like shape (Equation 1). The S‐process is an expo-
nential function that represents the time passed since waking up
(homeostasis) (Equation 2). The C and S components are added
(Equation 3) to predict (P) alertness or performance in a monotonous
task.
S ¼ Sa  Lð Þe0:0353t2 þ L (1)
Here, S = homeostasis component (awake), Sa = value of S at
waking up, L = lower asymptote (the lowest value that the exponen-
tial function reaches) and t2 = time since awakening.
C ¼Mcos t1  pð Þ π12
 
(2)
where C = circadian component, M = amplitude of the circadian,
p = acrophase → time‐point when the circadian rhythm reaches its
peak value (decimal hours) and t1 = time of the day (decimal hours).
The alertness predictor (P) is the sum of the S and C processes:
P ¼ Cþ S ¼ Mcos t1  pð Þ π12
 
þ Sa  Lð Þe0:0353t2 þ L (3)
The three‐process model was fit to the eye movement data using
Matlab's fit function. The trust‐region‐reflective least squares
F IGURE 4 Analysis chain. The number
of saccades for each participant was
measured in the saccade task using
electro‐oculography (EOG). The linear
model was fitted to examine the linearity
of the decrease in the number of saccades.
To improve the linear fit the three‐process
model of alertness was fitted to the data.
After fitting, the C component was
removed from the measured data to allow
us to examine the exponential function
without interference from the sinusoidal
component. TPMA, three‐process model of
alertness
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algorithm was used for optimization and no starting points were
given. After fitting, the C‐process (circadian rhythm) was subtracted
from the predictor (P) and from the original number of saccades to
get the estimate for time awake/sleep pressure (S). Confidence levels
for estimated performance (fit) were determined by using Matlab's
predint function with observational non‐simultaneous bands. The
95% confidence levels were estimated for the new observation by
using fit and residuals.
2.4 | Traditional saccade task analysis
The saccades have been analysed by comparing the participants’
reaction to each saccade stimulus (altogether 200 stimuli per mea-
surement) (event by event). The eye movements were extracted
from the EOG signal by using a velocity threshold method and the
EOG signal was calibrated before the measurement (described in
detail in Hirvonen et al., 2010). Correctly executed saccades were
responses that were along the same direction as the stimulus inside
an 80–700 ms window after the stimulus appeared and for which
the accuracy of the executed saccade (saccade gain = executed
saccade amplitude/stimulus amplitude) was 0.5–1.5 (e.g. Gais et al.,
2008). Trials including blinks, oblique saccades, omissions, direction
errors, undershoot (gain <0.5), overshoot (gain >1.5) and anticipatory
reaction (<80 ms) were classified as erroneous reactions. The data
were defined as missing if there were less than five correctly per-
formed saccades in the measurement session or if the calibration
could not be done because of poor signal quality or not enough cor-
rectly executed saccades.
2.5 | Proposed new method for saccade task
analysis: Number of saccades
Our proposed analysis approach does not analyse saccades event by
event. The method gives an estimation of performance by calculating
the number of task‐related horizontal saccades. Therefore, the pro-
posed approach enables measurements without tight triggering
between the saccade task and EOG signal. Figure 4 presents the analy-
sis chain of the proposed method for saccade task analysis. First, the
saccades (horizontal, vertical and oblique) and blinks were identified in
the horizontal and vertical EOG signals by an auto‐calibrating
F IGURE 5 Number of saccades as a function of time awake. The number of saccades as a function of time awake and estimated linear fits
(blue line; grey areas denote 95% confidence level) for each participant. The caption above each plot represents the participant number; blue
participant number indicates p < 0.05 for the linear fit. Because of technical problems (e.g. loose electrodes) some measurements are missing;
they are marked with a star
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algorithm (Pettersson et al., 2013). Then data collected during the 5‐s
rest pauses were removed. Next blinks, vertical saccades, oblique
saccades and horizontal saccades that lasted either <40 ms or
>100 ms were removed. The durations of the 10° horizontal
saccades are between 43 and 59 ms (Bahill, Brockenbrough, &
Troost, 1981); therefore, the saccades that last 40 to 100 ms are
possibly related to reactions to saccade task stimuli. The number of
remaining saccades (after the described steps) represents the partici-
pant's performance in the saccade task. A simple linear regression
model was fitted using the R lm function (qr method) to estimate the
linearity of the decrease of the number of saccades as a function of
time awake (Porcu et al., 1998).
2.6 | Time between saccades
Time between saccades (TBS) was calculated from the saccade time
series by subtracting the starting time of a saccade (ts) from the
previous saccade starting time (ts‐1). The TBS values were used to
investigate the task performance and individual differences. TBS val-
ues were also used to examine how the novel analysis compares
with the traditional event by event method.
3 | RESULTS
3.1 | Number of saccades
The number of saccades as a function of time awake for each par-
ticipant (n = 11) is presented in Figure 5. The saccade task included
200 stimuli and 200 return saccades, which means that when the
participant has performed the task correctly the number of sac-
cades should be close to 400. The simple linear fits were calculated
for each participant to estimate the linearity of the decrease in the
number of saccades as a function of time awake and to examine
individual differences. The linear fit showed significant correlation
F IGURE 6 Saccade task performance (traditional saccade task analyses). The result of the traditional saccade task analysis. Proportion of
correctly executed saccades and different kinds of errors in each saccade task. The numbers on the coloured bar indicate the proportion of
each response type to the saccade stimulus. The proportion of correctly executed saccades is marked with dark blue bars. The data were
defined as missing if there were fewer than five correctly performed saccades in the measurement session or if the calibration could not be
carried out because of poor signal quality or not enough correctly executed saccades (marked with a letter x). Because of technical problems
(e.g. loose electrodes) some measurements are missing; these are marked with a star
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between the number of saccades and time awake for three partici-
pants.
3.2 | Traditional saccade task analysis
Figure 6 shows the proportion of correctly executed saccades (dark
blue bars) as well as different kinds of errors on an individual level
as analysed using a traditional event by event analysis.
3.3 | Time between saccades (TBS)
Time between saccades values were calculated to examine individ-
ual differences in saccade task performance. Some participants
exhibit bimodal TBS distributions, with peaks on both sides of 1 s.
If the participant performs the task correctly the TBS value should
be approximately 1 s. However, if the TBS value is much less than
1 s the participant probably made a corrective saccade right after
the erroneous reaction (direction error, overshoot, undershoot).
TBS values much larger than 1 s imply that the participant did not
respond to the stimulus (omission). Based on these assumptions
we divided the TBS values into three groups: early response
(<0.5 s), normal responses (0.5–1 s) and late responses (>1.5 s)
(Figure 7).
3.4 | Repeatability (n = 5)
Figure 8 shows the number of saccades in the first and second mea-
surements of participants 2, 3, 5, 6 and 7. Correlations between the
time series are calculated using cross‐correlation (lag = 0). The corre-
lation values were between 0.62 and 0.96 (mean 0.79).
F IGURE 7 Saccade task performance (new method). The number of saccades determined using the time‐between‐saccades approach. The
proportion of time (cumulative sum of time between saccades [TBS]) of fast (<0.5 s) (black), normal (0.5–1.5 s) (dark blue) and late (>1.5 s)
(light blue) TBS values for each participant. The caption above each plot represents the participant number. Because of technical problems (e.g.
loose electrodes) some measurements are missing; these are marked with a star
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3.5 | Modelling and removing the circadian
component
The three‐process model of alertness (Åkerstedt & Folkard, 1997)
was used to model saccade task performance. We fitted the model's
C and S components to the number of saccades and removed the C
component from the fit model. Figure 9 presents the fit curves and
the remaining S component. The goodness of the fit differs between
the participants. The results of the linear fits after removing the C
component are presented in Figure 10. By removing the circadian
component from the number of saccades the linear fit showed sig-
nificant correlation between the number of saccades and time awake
for six participants.
4 | DISCUSSION
Prolonged time awake increases sleep pressure and sleepiness. We
used an eye movement‐based metrics as a way to estimate time
awake by using data from our earlier study Hirvonen et al., 2010.
The number of saccades during an 8‐min saccade task including
overlap and gap paradigms was recorded outside the laboratory
using EOG. The measurements were made every 6 hr until 54 hr of
time awake. As the time spent in the task affects sustained atten-
tion, the data from both overlap and gap paradigms were combined
in this study.
Our results showed a decreasing trend between the number of
saccades and prolonged time awake; the linear trend was significant
for three out of 11 participants (Figure 5). Because the circadian
rhythm affected the number of executed saccades (Figure 5), we fit-
ted the three‐process model of alertness (TPMA) and removed the
circadian component (C‐component) from the measured data (Fig-
ure 9). After removing the C‐component, the linear model showed a
significant trend for six out of 11 participants (Figure 10). Our result
is in line with Porcu et al.’s group level analyses (n = 5). They
reported that the saccade task error rate followed a linear trend dur-
ing one night of sleep deprivation (Porcu et al., 1998).
Our results indicate that there is inter‐individual variation in sac-
cade task performance when sleep deprived (Figures 5–7). However,
Figure 8 shows that performance is rather stable within individuals
(n = 5). Similar results have been obtained with PVT and other cogni-
tive and reaction‐time tasks (Leproult et al., 2003; Van Dongen
et al., 2004). Genetic factors may explain sleepiness‐related inter‐in-
dividual variations in neurobehavioural decrements (e.g. Goel, 2017;
Kuna et al., 2012). There is evidence that phenotypic
F IGURE 8 Repeatability (n = 5). The number of saccades recorded during the first measurement is shown in light blue, whereas the number
of saccades obtained during the second measurement is indicated in blue. The correlation coefficient (R) is black. Missing values are marked
with a star
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neurobehavioural responses to sleepiness are stable over long time
intervals, even years (Dennis, Wohl, Selame, & Goel, 2017; Rupp,
Wesensten, & Balkin, 2012).
In this study the decreasing number of saccades was a result of
increasing TBS in the saccade task (Figure 6). TBS values were
divided into fast, normal and late responses to permit linking the
novel analysis method's results to those obtained with traditional
saccade task analyses. Figures 6 and 7 show that TBS values exceed-
ing 1.5 s were mostly due to omissions (lapses) and anticipatory
reactions (false starts). Both omissions and commissions (e.g. reac-
tions without stimulus or false starts) have been associated with sus-
tained attention deficits caused by wake‐state instability (e.g. Doran
et al., 2001; Krause et al., 2017; Lim & Dinges, 2008). The number
of lapses (e.g. Van Dongen & Dinges, 2005) and false starts (Basner
et al., 2015) has been reported to increase when measured with
PVT during prolonged wakefulness. Moreover, increasing homeo-
static sleep drive has been reported to increase the number of com-
missions and omissions in saccade tasks, suggesting failures in
sustaining attention (Wachowicz et al., 2015).
In saccade task studies using event by event analysis, decrement
of speed parameters (saccade peak velocity and latency) has been
reported in sleep deprivation (e.g. Ahlstrom et al., 2013; De Gennaro
et al., 2000; Ferrara et al., 2000; Fimm & Blankenheim, 2016; Frans-
son et al., 2008; Hirvonen et al., 2010; Zils et al., 2005), whereas
saccade accuracy is affected less frequently (Bocca & Denise, 2006;
Fransson et al., 2008; Porcu et al., 1998; Zils et al., 2005). The event
by event analyses show (Figure 6) large individual differences
between the subjects even in the first measurement (e.g. in the num-
ber of correctly executed saccades or anticipatory responses). More-
over, increasing sleep pressure affects the performance of
participants differently: in some individuals saccades start to under-
shoot, whereas in others the number of anticipatory responses or
omissions increases. The individual variability in performance
between subjects may explain some inconsistency in the earlier find-
ings (e.g. related to saccade accuracy).
Mathematical models of alertness have been used to model
lapses in performing the PVT task. Both the two‐process model of
alertness (Achermann & Borbély, 2003) and TPMA have been
F IGURE 9 Fit of S‐ and C‐components of the three‐process model of alertness (TPMA) model. A mathematically monotonous (here always
decreasing) relation between time between saccades (TBS) and time awake for each participant (caption above each plot indicates participant
number). Blue circles represent original data, the blue line is the result of fitting, the black line is the S component of the model and the black
dashed line is a 95% confidence level for the S component. The black circles are the original data without the C component. The missing
measurements are marked with a star, and R2 values are shown for each fit
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reported to correlate with the number of PVT lapses (Van Dongen,
2004). We used TPMA because it was developed to also model neu-
robehavioural functions and because it is widely used in sleep depri-
vation studies (Achermann & Borbély, 2003).
Saccades were detected with an automated algorithm (Pet-
tersson et al., 2013) and only horizontal saccades that lasted 40 ms
to 100 ms, and thus infer reactions to task stimuli, were analysed.
This differs from traditional laboratory studies where saccade reac-
tions are analyzed event by event in the different saccade paradigms
(overlap and gap). Our aim was to take one step closer to on‐site
measurements. This approach does not require time synchrony (be-
tween EOG signal and saccade task), making the implementation
easier in field settings.
Sixty hours of sleep deprivation enabled us to study eye move-
ments for almost three 24‐hr cycles of circadian rhythm. Our mea-
surements were made every sixth hour. More accurate modelling of
the circadian rhythm requires more frequent measurements. This
could potentially decrease the confidence levels and make time
awake approximation more accurate. We studied a selected popula-
tion of marine soldiers who were highly motivated to do their best
in every situation and who were used to staying awake for long peri-
ods of time. Individual variability in the general population should be
studied next.
The decrease in number of saccades with prolonged sleep depri-
vation varied between individuals but was rather stable within an
individual. Because of individual task performance differences, the
current system needs personal calibration before actual overall time
awake measurements. More research is needed to study individual
differences, to optimize saccade task parameters (e.g. duration, num-
ber of stimuli and the saccade task paradigm) and to make the cali-
bration procedure shorter and more practical.
Our current results imply that eye movement‐based measure-
ments provide a potentially useful tool for measuring prolonged time
awake outside the laboratory. The data of every participant show a
decreasing trend between number of saccades and time awake, even
though the study was designed to preserve realism: the participants
were allowed to use caffeine and smokeless tobacco, and the eye
movement analyses were carried out without tight triggering. Appli-
cations for such an estimate of time awake range from critical safety
work, shift work and global work across time zones to everyday
F IGURE 10 Number of saccades as a function of time awake after removing the C‐component. The number of saccades after removing
the C‐component as a function of time awake, and linear fits (blue line; grey areas denote 95% confidence level) for each participant. The
caption above each plot represents the participant number; the blue participant number indicates p < 0.05 for the linear fit. The missing values
are marked with a star
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activities and health‐related problems. Increases in sleepiness and
fatigue caused by prolonged time awake result in psychomotor and
attentional problems, thus elevating the risk of errors and accidents.
A system that objectively estimates overall time awake can provide
early warnings and help people find a balance between activity and
rest.
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